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SUl4MARY 

T k m t  sugnentation of a TO180 turbojet engine by b-iG f u e l  
in t h e   t a i l  pipe hae been investigated in the Cleveland alt i tude nlnd 
tunnel. The wine thrust and t h e  fuel consmption were determined 
for a wide range of eimu7htea fl-t  conditions and tail-2i-pe fuel 
flows. The investigation was yprticularly directed toward evaluatfon 
of thrust  augme&batian for higb-speed end high-altftude  flight.. The 
engine teil pipe was modified fo r  the Lnveetigatioa to r d u c e  the 
gas velocity at. the %&et of the  tail-pipe combuatian chamber. 

Tbe t h r u s t  of the etandard TG-180 engine was increased 109 per- 
cent by tail-2ipe burning &en investigated under cornitions corre- 
sponding to a Mach number af 1.18 at a simulated. altitude of 
30,000 f ee t ,  At these simulated f l i gh t  conditione the specific  fuel 
cmmpt ion ,  defined a B  the pounds of f u e l  burned in the wine and 
t a i l  pipe per pound 09 net thrust, hcreased 67 percent above the 
specific fuel consumption f o r  the standaml engine without  tail-pipe 
burning. The cycle efficiency and the t h r u s t  Increment from tail- 
pipe burning decreased with a decrease in afmulated flight speed. 
A t  a simulated alt i tude af 30,009 fee t  and a f l i g h t  Mach nillll'ber of 
0.7, the thrust was augmented 95 percent and t h e  specific cansumption 
increased 91 percent above t h e  consmptirzn of the standard &mgine. 

Thrust - augmentation Os turbotet engines to provide military 
ratings is of extreme importance in  increasing. their usefklness and 
range of aqplication. The.burning of fuel in the high-pressure 
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region of the ta i l  pipe”providea a practical  cycle f o r  Fncreas!-ng 
the thrust of the j e t  w i n e  d-thout increasing  the temperature o r  
etreseee In the  turbine buckets or  otherwise  disturbing the normal 
cycle of the engine operation provided that the t a i l  pipe is equipped 
w i t h  an adjustable-ar& nozzle. 

An lnvestigatim of tbrust augmentatIan by tail-pipe burning 
has therdore bean conducted in  the Cleveland alt i tude wind tunnel 
to  determine whether the  theoretically  predicted performance of 
tail-pipe burner installations could be gracticallg achieved. 
Particu’m  attention WEB directed t d  the evaluation of perform- 
ance at high speede and altitudes. 

Th.e most important r equ i rma t s  f o r  the idea l  tail-plpo burner 
are : 

1. Maximm thruet a t  Ugh efficiency 

2. Wide range of stable burner  operation 

3. Minimum thrust lose for opwatfon without tail-pipe burning 

4. Minimum change in over-all dimansicme of the ezngine 

5. Adequate tail-pipe  cooling 

6. Light weight 

The f u l f i l l m a t  of these objectives introduces numeroua research 
probleans. In this ime8ffgatian  attentIan wa8 concentrated on the 
attainmat of‘ the f i r a t  two requirements. . 

The atazid&rd tail pipe of t h e  ”180 turbojet engine WBB 
replaced with a larger tail pipe design& t o  provide favorable con- 
ditions for combustion; no particular cansideratlon was given t o  
s i ze  and w e i g h t  of‘ t b i s  ~Wtal la t lon .  A aeries of Interchangeable, 
fixed-area nozz?,es m a  wed because no varfable-area  nozzle was 
available. The inveetlgatim WBB made a t  ram-preBsure ratios 
between 1.045 and 2.35, correspanding t o  flight Mach numbers from 
0.25 to  1.18, aad a t  glimulated altitude6 of 5000 and 30,000 feet .  
Air was supplied to  the wine through. a duct a t  pressurea  corre- 
spollding t o  conditions a t  each simulated alt i tude and alrepeed. 

PerPormmce results & the  tail-pipe burrllng inveetfgation 
on the -180 turbojef engfne and a comparison of experimental 
results with  theoretical  calcula€iona are presenked, 
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SYbEUTS 

The following ~lymbole are w e d  in the calculatiane: 

A moas-sect ia~al  area, aquare feet 

8 speed of sound, feet per second. 

B thrust acale reding, p o ~ ~ d . ~  

% 
p w e r - o f f  teate; 

. .  

external drag CclefTicimt of installation (determined from 

cP specifYc heat of gae at canatant pressure, Btu per pound 
per OE 

je t  thruet, pound& 

net tPlr;zst, wunde . 

acceleration of gravity, 9 eet per second per  second 

mechanical equivalent of heat, foot-pounds per Btu 

Mach number 

ma88 flow, slug€! per second 

t o t a l  pressure, pour&! per equare foot  absolute 

ram-pressure r a t i o  



c 

MACA RM No. E6120 

velocity,  feet per  eecond 

a i r  flow, pounds per second 

t o t e l  fuel conamup-kion, pund~ per hour 

turbojet-wine fuel conavm-ptian, pounds per hour 

tail-pipe fuel colisurqtlon, 20.un.de per hour 

exhaust gas Plow, pounda per second 

specific fuel consumption based on net thruat and t o t a l  
fuel co~mpt i cm,  pounds per hour pound t h r u s t  

fuel-air ratio based QD. total fuel flow t o  engine 
and t a i l  pipe 

r a t i o  of Etgeciffc heats f o r  gases 

ms8 demity of gas, slugs per cubic foot 

total-temperature ratio acroas t a i l  pipe, T ~ ~ / ' T ,  

Subscripta: 

g exhauat gas 

J exhaust Jet  a t  v e m  cantracta 

r inlet duct a t  survey rake, stat ion r 

X Inlet duct a t  slip >oink, statim x 

0 tunnel  test-sectfon fTe4-a- stream 

1 cowl in le t  

6 diffuser inlet 

. .  

10 tail-pipe nozzle outlet  . . . . . . . - . .- - - 

FUPTILWEXWGS OF TAIL-PIPE BURNING 

The J e t  thruat of the turbodet englne i e  equal to the  product 
of the ma88 rate  of Gas f low e& t h e  Jet velocity, Thrv.st 

t 

c 



aurFpentation of a tur3o j e t  engine by burning fuel in the t a i l  pipe 
results in an increase of' the final Jet velocity. m e  value of the 
final Jet velocity 113 given by 

Lnamuch a8 the speed of Bound of t he  Jet a, ia proprt l .onal  to 
the square root of tke abeolute tmperature of the $ett ik followe 
that the jet thrwt is ais0 pronortiokf to the square root of the 
abaolute tem3eratuz-e of the Jet. Kkxtmnr~ T i n a 1  Jet tempera-bures are 
reached when euf'ficient f u e l  i e  adCed in the tail.pipe t o  burn cm- 
pletely a l l  the oxsTQan i n  the air  paaeing through the engine. Max- 
i m u m  t'mst ia obtained when the engine ia operated at the maximum 
allowa3le engine speed and tur>im-outlet tmperatme. These 
operetlng  condition%  cor~espond t o  maximsm to t a l  preeaurea of the 
ges at t5e hiecharge of -the *urbine. 

J 

A.8 the amuunt of fcel  burned i n  the  tail pipe is varied, the 
tail-pipe nozzle area must be changed to maintain rntxcbnum allowable 
a g k e  conaitions. " AA &reeelon for :kt tkrirst involving Jet mea 
and :et Mach nmilber fs 
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The TO180 englne has &n ll-stage  axial-flow  compreBsor,  eight 
cylindrical combustion chambers, a singl-e-stage turbine, and an 
exhaust nozzle. The over-all length of the  etandard engine is 
14 feet and the maximum diameter is J6 inchs.  

The standard  tafl p i p  m e  replaced by a modified tail  ?ipe, 
wh:ch was lengthened  to inclde a diffllser, a 5-foot combuetion 
chamber, a reducer section, and a tail-pipe nozzle. A sketch of t h e  
installation is 8hown in figure 1. The diffuser  (fig. 2) was 
designed to reduce th.e average gas sped to alproximately 300 feot 
ger second. 

The flame.holder used in the  tail pip (fig. 3) consiats of 
vert ical  and horizontal V-tne gutters and is a modification of the  
type found to be satisfactory in altftude wind t w e l  investigations 
of an MI?CA 20-inch-diemeter ren Jet. Fuel was epraged noma1 to the 
direction of gaa flow t h r o w  mall  holes  In seven horizontal ~prajr 
bars, w-hicb w e r e  attached 50 t h e  u2etream side of the  horizontal 
V-tpe m t t e r s  in thp flame holder znd t o  e. nexdfold outside the 
wall of t h e  f lame-holhr section (fig. 3(a)). Fuel wae s u p p l i ~  to 
t h . e  spray bars at pressures f r o m  5 t o  175 pounds per agua-re inch, 
depending on the operating  condition. The tafl-pipe f u e l  was 
ignited either  by m e a n s  of p r o w e  blown over a spark plug or  by 
rapid acceleration of the a g T - n e ,  

A circular  combustion  chamber 34 inches in dimetor and 5 feet 
in length wag Locmted immediately dmtream of the flame holder. 
A reducer  section asd an exbawt nozzle  converged to form the  deBired 
outlet area. Downstream of the f h n e  bolder the ta i l  pipe w a ~  
wrapped with 0.75-inch-dimeter copper tubing. Water waEt circuletd 
through  thia  tubing to prevent excessive shell tmpersture. 

The.TG-180 turbo;et engim wea euapended. from g wkg section 
installed in the 2U-foot-diameter t e s t  sectlon of the  altitude wind 
tunnel (fig. 4 ) .  The imtsllation was simplified by mlttiw the 
cowling. Dry rdrigeratad air  was supTlied  to  the engine thou& a 
duct. froin t h e  tunnel rnake-us air  system  (fig. 5). A frictionlesa 
seeled s l i p  "joint in. . the i n l e 5 - a ~  duct 40 feet  upstream of the engine 

... 

. 
I 



i 



8 NACA RM iTo. E5I20 

DISCUSSION @F RESULTS 
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The relation among Jet thrwt, total   tmperature  of the jet, 
and total-temperature ratio T is s h . 0 ~ ~ ~  in.figure 10. The values 
cf total  temgerature were cmputed by q i a t i o n  (B-5) in apgendix B. 
Combustion tenperaturea of 33600 R were reached (fig. 10). Fig- 
ure 11 ehow the  relation among te t l -plp fuel consmption, total 
fuel-aZr  ratio, an6 total- taqerature   ra t io  acrose the t a i l  pipe. 
A dashed line has been drawn ahowiq t h e  theoretical temgerature 
ra t io  aesumi- 100-percent conbustian efficiency snd a heating value 
of the fue l  equal to 19,oO B t u  p e r  puna. Tine theoretical tunper- 
eture ra t io  did riot I n m e ~ s e  U,esrljr wlth the fuel-air ratio 
because of the -+arlat",an in ths s9ecifi.c heat of the gas with gas 
temperature. The 16- value of tail-pipe  cm3ustion efficiency 
cmputed fr& thii"fi-ee Tor -reeulte obtained at an altitude of 
30,009 fee t  wd a ram-preeeuke rat50 cf 1.66 if3 about 70 percart, 
A t  ram-preasure ratios of 1.045 and 2.35 cmbustion efffciencfes 
of approximatelg 65 and 83 percent, respctivelg, were obtained. 
The increased combustian efI"ic~er,cy at hl& ram-pessure ratioe 
results from the Ugher -p33aeure 3-n the t a i l  gipe a t  the high ram 
cordition6 and is in general agrement with results  obtained in 
other  ombmtion a t m e a .  

The maximum total fuel-air   ratio attei-ned at  a ran-pressure 
ra t io  of 1.66 and e n  altCtude of 30,000 feet was 0.057 with a 
21-inch-dlaneter  tail-pipe nozzle. Fuel-air ra t ios  closer to 
stoichimetric with correspxdbgly @?eater t h rus t s  might have been 
obtaued w i t h  a sl ightly larger tail-pipe nozzle. 

The increase i n  thrust reeulting frm tail-pipe burn- results 
in higher  speclfic  fuel canaum2tione than f o r  t h e  atandard  engine 
(fig. 12). When fwl w a s  b-mned in tbe t a i l  pipe a t  30,000 feet 
an& a rm-pressure rat io  of 1.66, the  net thruet was 3020 puds  
with a net thrust  s-pecific fue l  conaunQtim of 2 . 5 0  pounds p?r hour 
per pounrl of net thrust a8 c o m ~ e d  with a net thruat of 1530 pounds 
and a net thrust epecific fuel camun9tion of 1.36 pound6 per hour 
per pound of net tlvzzsf f a r  the standard engine without tail-pipe 
burning at the same flight conditions. 
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The affect  of alt i tude on tail-pipe burning waig obtaned from 
teats  with a 21-Inchd.Aameter tail-pipe  nozzle at low ran-pressure 
retios. Tke total fuel-air ratios and the t a i l - p i p  total-preeeuro 
retios Ps/q., a t  llmlting tail-pipe  ttmseraturss were much lower 
a t  5000 feet than at 30,~OOO~ fee%- (figs. ?(f) -and"7(g)). 9310 tlieher 
combustion efficiencIe8 at low altituders were primarfly reaponsible 
for the lower observe&fml-air ratioer at 5000 feet. The total-  
pressure ratio across the t a i l  pipe acreased at higher altitudes 
owing to  the  increase in t h e  cmpresBtion ra t io  of the -e c m -  
pressor a4 the i n l e t  temperature was lowei%d. As a rosult of the 
higher tail-pipe total-pressure ratfoe at tho high= altftudes, 
larger percwhge +reageB In t&ruat available 2-m tai l-pipe 
burninq were posslB1ha at 50,c)OO feet than a t  5000 feet  (fig. 13). 

- 

InCreesing the rm-pressure ra t lo  incresaed the ma8s flaw of 
gases through tho anglne and t h e  total-presaure ra t io  Ps/po across 
the t a i l  pipe (figs. 8(e) and 8(5)). A c m a b  plot ehowix t h e  
variation of tail-pfpc total-gm%ure r a t i o  with ram-pressu-ro ra t to  
at lhciting turbine-outlet temperaturea is shown i n  f i w e  1 4 .  
Experimental and theoretical values of thG verintion of jet  thrust 
with tail-pipe tots1:greesura r ~ t i o  a t  limitfw turbfne-outlet tam- 
peratures and a t  831 altitude of 30,GOO feet  art3 shown in figure 15. 
The tbeoretical results wwe calculated by  meam of quatione ( 2 )  
and (3). The emerimantal .values a r e  lmer tbarl tho  theoretical 
values t o  frictiaa a& cornbuaLvian pressure losses in the t a i l  
pipe. .. . .. 

m e  measured values of net t k m t  a t  a l t i tude 30,000 f e k  
for the   ex ice  with. a standard 16%-incb-diameter nozzle and for tho 
engine equfpped w¶th tho tail-pipe combustion chamber and a 21-inch- 
dlameter nozzle a r e  a h m  in figure IS. D e  values givm for the 
swine with tail-pipe b-er re,p33sqnt. a lJait .Lng tanperatwe 010 
1220° F tit the turbine outlet. The reaulte a r e  re2lotted in fig- 
ure 17 to-show  the percentage increme in net thrust  attributable 
t o  tail-Fipe burnfm." 

, -  - .  . . 

. .  . .  

Specific f u e l  conemptiona based an net thmst that  cmros~ond 
to the thrvst reeults of f i g u e  16 are sh6w-i In f igme 16. Tho 

1 

t 

. -. 
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sgecffic fuel corsmption increased I26 percent a t  a Bhch nmber of 
0.25, 91 psrcent a t  0.7, and 67 percant at 1.18. The improvement 
in efficiency and thrust augmentation xi th  incresee in afrplane 
sped  is clearly dmasrstrated. 

1. A t  an altftude of 30,c)OO feet ,   the net thrdst of the stand- 
ard engine -8 Lr~creased 71 percent st a Mech number of 0.25, 
95- per0m-b et a Mach number of C.7, and 109 percent at a Maoh nmber 
of 1.18. The~c65res~onding ircreases in specific fuel -sumption 
were 126, 91, and 67 percent. 

2. AB a result of the higker tail-pipe  total-pressure ratios 
a t  the higher  altitudes, larger percantege increases In thrust 
available from tail-pipe buzmbg wre p a s i b l e  at 30,000 fee t  than 
a t  5000 feet. 

3. An adjustable-sea tail-pipe nozzle is requLred in order to 
obtain banef i t  from tail-pipe bu3Ping. A t  an alt i tude of 30,000 feet 
and a ram-peesure ratio sf 1.66, the optimum diameter Kith tail-pipe 
burning waa sl ightly larger than 21  inches, as  compare& with  the 
standard nozzle diameter of 162 inches. 

4.  A t  an alt i tude of 30,000 feet, the combuetion efficiency of 
the  tall-pipe corn-mation c lxmioe r  varied from 65 percent wfth the l o w  
pressure fn the  tail pipe, ~ M c h  is essociated with a ram-pressu-e 
ratio of 1.045, t o  83 percant wlth the hzgher tall-pipe pressure, 
which fa associated with a rau-preesure ra t io  of 2.35. 
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A cold calibration of a e a p l e  themocouyle up to a Hach nm- 
ber of &out 0.6 ak.,ared that the thermocouple measured the   s ta t ic  
t a p e r a t w e  plus amoxlmetelg 85 perceat of the adiabatic tempera- 
t u r e  r ise  owing to the -act of the air on Vue thermocouple. 
Stat ic  temperature may be &&embe& from Indicated temgerature by 
&~lgln@; thie factor to the adlahatic  reletion between teanperature 
and pressure i n  the follcdrdg m e r :  

T: 
L A 
u =  

. 

(4" 1) 
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Jet Thrust 

Jet  t h r u a t  w.8 detsrmirsed 
by oombining the forces on the 
eqwtion: 

(A-6) 

? 
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In a l l  cam38 covered in thi.8 report, the j e t  veLocity wa8 
supersonic. It ia therefore 3seuned that eonic velocity exiete at 
the  outlet of the t a i l -p ipe  nozzle, a t a t i o n  1x). The Jet thrust Fs 
is given by 

But Mlo = 1.0; theref ore 



NACA IJo. E6120 

The static t q s ra tu re  at atatlon 10 is relatod to al0 by 

and t h e  rela-bion of t o t a l  to atat rc  t q e r a t u r e  at station 10, where 
M = 1.0, is 
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Figwe 3. - Flarze Lo-itZer Wtalled a t  inlet of t a i l - p i p  
combustion cham's= of %-le2 trn3o:et en@ne. 
(a) Cpstrean! view af f ? m e  ?loLler . . . . . . , . . . . . . F-3 
(b) Downstseam view of f l a m e  holcer . . . . . . . . . . . . 3'-4 

Figurs 6. - . V p , r i s t i a r r  02 turbo:& engine pzr?orm&nce wi%h 
t .zi l-2ip f u e l  consumption l o r  th ree  tail-gipe llazzle 
diasletars. B g i m  -,e&, 76W -zp; eltitude, 
50,C)GO feet; ram-preesure ratio, 1.66. 
(a) J e t  t h r u s t .  . . . . . . . . . . . . . . . . . . . . . . F-7 
(c) lBg1n.e fuel  coAxumr@ion . . . . . . . . . . . . . . . . F-9 
( e )  Specific fuel  co&urc~!ticmbzmab 011 ne t  thrust . . . . . F - I O  
(e) A i r  flaw. . , . . . . . . . . . . . . . . . . . . . . . F-ll 
(f) Totel fuel-air ratio. . . . . . . . . . . . . . . . , . P-12 
( g )  Tail-pfye total-Trmsuro mtfo. . . . . . . . . . . . . B-13 

(b) Not t 'mt. . . . . . . . . . . . . . . . . . . . . . . F-8 



Figure 7.  - Variatian of tur 'bojet  w i n e  pci-f'armexlco 
with teil-pipe f u e l  conaumptim f o r  two altitudes. 
Engine speed, 76OO rpn; ram-preaalxre ratio, 1.045; 
El-inch-diameter tai.1-pipe wzcle. 
(a) Jet t h r ~ ~ ~ t  . . : . . . . . , . . . . . . . . . . . . . 3-14 
(b) Ret t h r u s t  :. . . :. , . . . . . . . . . . . . . . . F-15 
(c )  m i n e  f u e l  cansumption. . . . . . . . .  . . . . . . . F-16 
(a) Specific f u e l  caneumption baa& on net t h r - u t .  . . . . F-17 
(e) air flow . . . . . . . . . . . . . . . . . . . . . . . B-18 
(f) Total  fucl-sir ratio . . . . . . . . . . . . . . . . . F-19 
(g) T a i l - y i p  totsl-pres~ure ratio . . . . . . . . . . . . F-20 

Figure 8. - VarZation af tw?m jet englzls parfom%.noo w3th 
t.ail;yDipe fuel  cmm$iian for flve zam-pem-are retfoa. 
A l t i t d e ,  39,000 f ee t ;  Ei-inch-&hmeter taLl-pl-pe m z z l e .  
( 8 )  Jet tbmst . . . . . . . . . . . . . . . . . . . . . . F-21 
(b) N e t  tWmt . . . .- . . . . . . , . . . . . . . . , . F-22 
( c) m i n e  f Eel coneumption. . . . . . . . .. . . , . . . . F-23 
(a) Specific f'uel cansm>tion b&.sed on net tLzst. . . . . B-24 
(e) Alr f low . . . . . . .. . . . . . . . . . , . . . . . . F-25 
(I) T o t a l f u e l - a i r  mtio . . . . . . . . . , . . . . . . . F-26 
(g> Tail-=Jipe total-press~~-e rGtio . . . . . . . . . . . . F-27 
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Figure l2. - Relation betwean net thruaf & epecif ic fuel 
Gonsumrtion b a e d  on net  thrust  @f t -nbojet  engine wlth 
standard tell Fipe gsii with modified tail pipe with t a i l -  
pipe bur-. Engine aped,  TSOG -; turbine-outlet 
temperature, 1220° F; ra-preasure rat io ,  1.66; altitude, 
5C,OOO feet .  . . . . . . . . . . . . . . . . . . . . . . . . .  F-31 

Figure 14. - R o b t i o r  between tail-pj.po  totel-prossure 
r a t io  and ran-preeewe ratio SOT turbo je% ag!!e with 
ta i l -pipe burning. Engine a p e d ,  7600 r,m; tuz-bine-outlet 
termgerature, 1220O 3'; alt-itde, 30,003 feet. . . . . . . . .  F-53 

Figure E. - EEZ'ect of ram-2reesure r a t i o  on relation 
between tail-gipa total-presauro ratio a;ld jet thrust 
of turbo3e-t; Wir-e with tail-pipe buz-4. m i n e  
speed, 7600 qm; turbine-outlet  taqmrature, 1220' I?; 
altituae, 5 0 , W  feet. . . . . . . . . . . . . . . . . . . .  F-34 

Ffgure 16. - Relation between equivalent f l m t  Mach number 
md net tfiruat of turbojet -ne with standard ta i l  pipe 
md with  nodiffed t a i l  pipe and tail-pige burning. Engine 
aped, 7600 rpn; turbine-outlet tempemture, 12200 F; 
a l t i t d e ,  30,000 feet .  . . . . . . . . . . . . . . . . . . .  F-35 

Fie;uro l8. - Relation beheon oquivslent flight M E S ~  nwnbor 
arid specific fuel  conamptlm baa& 0;1 nat t'nruet for 
tw3oJet with etarda-rd ta i l  pipe and modiffed teil 
lip0 with tail-pipe burn-. Engine speed, 7600 rpm; 
turbine-outlet  tanperature, 1220° F; altitude, 30,000 feet. 23-37 
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